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All the possible CP–conserving non–linear operators up to the p4–order in the Lagrangian expan-
sion are clearly and completely listed for the case of an emerging new physics field content in the
nature, more specifically, from spin–1 resonances sourced by the straightforward extension of the
SM local gauge symmetry to the larger local group SU(2)L ⊗ SU(2)R ⊗ U(1)B−L, within a non–
linear electroweak chiral context coupled to a light dynamical Higgs. The physical effects induced
by integrating out the right handed fields from the physical spectrum are briefly analysed. The
relevant set of effective operators have been identified at low energies.
I. INTRODUCTION
The LHC discovery of a new scalar resonance [1, 2] and
its experimental confirmation as a particle resembling the
Higgs boson [3–5] have finally established the Standard
Model (SM) as a successful and consistent framework of
electroweak symmetry breaking (EWSB). The role of the
Higgs particle in the EWSB mechanism signals different
BSM scenarios. In one class of models, the Higgs is in-
troduced as an elementary scalar doublet transforming
linearly under the SM gauge group SU(2)L⊗U(1)Y . An
alternative is to postulate its nature as emerging from a
given strong dynamics sector at the TeV or slightly higher
scale, in which the Higgs enters either as an EW doublet
or as a member of other representations: a singlet in all
generality. Both cases call for new physics (NP) around
the TeV scale and tend to propose the existence of lighter
exotic resonances which have failed to show up in data
so far.
The alternative case assumes a non-perturbative Higgs
dynamics associated to a strong interacting sector at Λs-
scale, with a explicitly non–linear implementation of the
symmetry in the scalar sector. These strong dynamics
frameworks all share a reminiscence of the long ago pro-
posed “Technicolor” formalism [6–8], in which no Higgs
particle was proposed in the low-energy physical spec-
trum and only three would-be-Goldstone bosons (GB)
were present with an associated scale f identified with
the electroweak scale f = v ≡ 246 GeV (respecting
f ≥ Λs/4π [9]), and responsible a posteriori for the weak
gauge boson masses. The experimental discovery of a
light Higgs boson, not accompanied of extra resonances,
has led to a revival in this direction relying on the fact
that the Higgs particle h may be light as being itself a
GB resulting from the spontaneous breaking of a strong
dynamics with symmetry group G at the scale Λs [10–
15]. A subsequent source of explicit breaking of G would
allow the Higgs boson to pick a small mass, much as the
pion gets a mass in QCD, and develops a potential with
a non-trivial minimum 〈h〉. Only via this explicit break-
∗Electronic address: juyepes@itp.ac.cn
ing would the EW gauge symmetry be broken and the
electroweak scale v be generated, distinct from f . Three
scales enter thus into the scenario now: f , v and 〈h〉,
although a model-dependent constraint will link them.
The strength of non–linearity is quantified by a new pa-
rameter
ξ ≡
v2
f2
, (1)
such that, f ∼ v (ξ ∼ 1) characterizes non–linear con-
structions, whilst f ≫ v (ξ ≪ 1) labels regimes ap-
proaching the linear one. As a result, for non-negligible ξ
there may be corrections to the size of the SM couplings
observable at low energies due to the NP contributions.
In this work an EW strongly interacting sector cou-
pled to the light Higgs particle will be assumed. Fur-
thermore, motivated by the exciting high energy regimes
reachable at the LHC and future colliders, this work faces
the possibility for detecting non–zero signals arising out
from some emerging new physics field content in the na-
ture, more specifically, from spin–1 resonances brought
into the game via the extension of the SM local gauge
symmetry GSM = SU(2)L ⊗ U(1)Y to the larger local
group G = SU(2)L⊗SU(2)R⊗U(1)B−L (see [16, 17] for
left-right symmetric models literature). Low energy ef-
fects from such extended gauge field sector can be tackled
through a systematic model-independent EFT approach.
The idea is to employ a non–linear σ–model to account
for the strong dynamics giving rise to the GB, that is
the W±L and ZL longitudinal components that leads to
introduce the Goldstone scale fL (basically the scale f in
Eq. (1)), together with the corresponding GB from the
extended local group, i.e. the additional W±R and ZR
longitudinal degrees of freedom and the associated Gold-
stone scale fR. Finally, this non–linear σ–model effective
Lagrangian is coupled a posteriori to a scalar singlet h
in a general way through powers of h/fL [14], being the
scale suppression dictated by fL, as it is the scale where
h is generated as a GB prior to the extension of the SM
local group GSM to the larger one G.
In this work it is analysed the physical picture of spin–
1 resonances dictated by the larger local gauge group
G, with an underlying strong interacting scenario cou-
pled to a light Higgs particle. The non–linear EFT con-
struction assumed here provides the complete tower of
2pure gauge and gauge-h operators up to the p4–order
in the Lagrangian expansion, and restricted only to the
CP-conserving bosonic sector. This analysis enlarges
and completes the operator basis previously considered
in Refs. [18, 19] in the context of left–right symmetric
EW chiral models, it generalizes also the work done in
Refs. [20–24], and it extends as well Refs. [25, 26] to the
case of a larger local gauge symmetry G in the context of
non–linear EW interactions coupled to a light Higgs par-
ticle. It may also be considered as a generic UV comple-
tion of the low energy non–linear treatment of Refs. [20–
24] and [25, 26].
II. THEORETICAL SET–UP
The original SM local symmetry SU(2)L ⊗ U(1)Y is en-
larged now to the larger local group SU(2)L⊗SU(2)R⊗
U(1)B−L. As soon as the original SM group symme-
try GSM is extended by calling for the inclusion of the
additional local symmetry SU(2)R, the corresponding
physical spectrum has to be enlarged as well. In this
work, the previous GSM–gauge field content
1 Bµ, W aµL
is augmented by the additional SU(2)R gauge field W
aµ
R
leading to have a posteriori the right handed fields W±R ,
ZR (here labelled with a suffix R) and their longitudi-
nal degrees of freedom encoded via their corresponding
Goldstone bosons fields. The transformation properties
of the longitudinal degrees of freedom of the electroweak
gauge bosons will be parametrized2 as it is customary
via the dimensionless unitary matrix U(x), more specifi-
cally through UL(x) and UR(x) for the symmetry group
SU(2)L ⊗ SU(2)R, and defined as
UL(R) (x) = e
i τa pi
a
L(R)(x)/fL(R) , (2)
with τa Pauli matrices and πaL(R)(x) the corresponding
Goldstone bosons fields suppressed by their associated
non–linear sigma model scale fL(R). In this set–up, the
scale fR comes from the additional Goldstone boson dy-
namics introduced by SU(2)R group. The aforemen-
tioned local symmetry for this set-up, i.e., the local group
G = SU(2)L ⊗ SU(2)R ⊗ U(1)B−L, will introduce local
rotations as
L(x) ≡ e
i
2 τ
aαa
L
(x), R(x) ≡ e
i
2 τ
aαa
R
(x), UY(x) ≡ e
i
2 τ
3α0(x)
(3)
1 Henceforth the SU(2)L W–field will be labelled with the corre-
sponding suffix L.
2 Usually for the case of a purely SM local group GSM , the low-
energy expression forU(x) introduces a scale v and not fL for the
eaten GBs, that appears through a redefinition of the GB fields
in order to have canonically normalized kinetic terms. In here it
will be kept generically the scales fL(R) as the associated GBs
will be canonically normalized when writing their corresponding
kinetic terms later on.
with αaL,R(x) and α
0(x) space-time dependent variables
parametrizing the local symmetry transformations, and
leading thus to the Goldstone boson matrices UL(R)(x)
to transform accordingly as
UL → LULU
†
Y , UR → RURU
†
Y (4)
where hereafter the local space-time dependence of the
implied objects will be omitted. The adimensionality of
the SU(2)L(R) Goldstone matrices UL(R)(x) is the tech-
nical key to understand why the dimension of the lead-
ing low-energy operators describing the dynamics of the
scalar sector differs for a non–linear Higgs sector [20–
24] and a purely linear regime. In the former, non-
renormalizable operators containing extra powers of a
light h are weighted by powers of h/fL [14], while the
Goldstone boson contributions encoded in UL(R)(x) do
not exhibit any scale suppression. In the linear regime,
instead, the light h and the three SM GBs are encoded
into the scalar doublet H , with mass dimension one:
therefore any extra insertion of H is suppressed by a
power of the NP cutoff scale.
For the non–linear EFT construction undertaken in
here, it is natural at this point to introduce the cor-
responding covariant derivative objects for both of the
Goldstone matrices UL(R)(x) as
DµUL(R) ≡
∂µUL(R) +
i
2
gL(R)W
µ,a
L(R) τ
a
UL(R) −
i
2
g′BµUL(R) τ
3 .
(5)
with the SU(2)L, SU(2)R and U(1)B−L gauge fields de-
noted by W aµL , W
aµ
R and B
µ correspondingly, and the
associated gauge couplings gL, gR and g
′ respectively.
Aimed by the definitions in Eq. (5), it is straightforward
to introduce in the framework the commonly used co-
variant quantities V and T, now enlarged to cover the
adjoints SU(2)L(R)–covariant vectorialV
µ
L(R) and the co-
variant scalar TL(R) objects as
V
µ
L(R) ≡
(
DµUL(R)
)
U
†
L(R) , TL(R) ≡ UL(R) τ3U
†
L(R) ,
(6)
transforming correspondingly under the local G transfor-
mation of Eq. (3) as
V
µ
L → LV
µ
L L
† , VµR → RV
µ
RR
† ,
TL → LTL L
† , TR → RTRR
† .
(7)
The covariant objects described in Eq. (6), constitute the
basic building blocks for the non–linear EFT construction
considered in here.
Notice that the local gauge invariance of the theory
allows to build operators made out of traces depending
either on products of purely left-handed or right-handed
covariant objects. As soon as the operators mixing the
left and right-handed structures are considered, new co-
variant objects emerge to fully guarantee the construc-
tions of such mixed operators. A feature that will be
described in the following.
3A. SU(2)L − SU(2)R interplay
Consider a set of left and right–handed covari-
ant objects OiL and O
i
R (with i labelling either a
scalar, vector, or tensor object) transforming under
the local symmetries of the model as in Eq. (7).
Traces like Tr
(
OiL(R)O
j
L(R) ...O
n
L(R)
)
or the product
of traces Tr
(
OiLO
j
L ...O
n
L
)
Tr
(
OkRO
l
R ...O
m
R
)
are mani-
festly gauge invariant under G, and will be useful when
building up the complete tower of non–linear effective op-
erators. Nonetheless, as soon as the mixed structures are
considered, e.g. the simple trace Tr
(
OiLO
j
R
)
, the gauge
invariance is evidently no longer satisfied. To recover it
back at the level of these type of traces, proper insertions
of the Goldstone matrices UL and UR are in order as
Tr
(
OiLO
j
R
)
→ Tr
(
U
†
LO
i
LULU
†
RO
j
RUR
)
(8)
the final trace is now manifestly permitted by the local
symmetries of the theory and it is well behaved under
such transformations. Proper insertions of UL and UR
as in Eq. (8), lead directly to introduce the following
objects
O˜iL ≡ U
†
LO
i
LUL , O˜
i
R ≡ U
†
RO
i
RUR , (9)
that are in order henceforth for the construction of oper-
ators made out of mixed SU(2)L and SU(2)R covariant
structures , i.e. made out of mixed products of OiL and
OjR. Notice that the new defined objects are transform-
ing under the local G–transformations of Eq. (3) as
O˜iL → UY O˜
i
LU
†
Y , O˜
i
R → UY O˜
i
RU
†
Y (10)
This feature allows to bring more invariant objects to
play a role into the game. In fact, following the defi-
nitions in Eq. (9) for the covariant vectorial VµL(R) and
scalar TL(R) objects already defined in Eq. (6), the new
quantities are found
V˜
µ
L(R) ≡ U
†
L(R)V
µ
L(R)UL(R) = −
(
DµUL(R)
)†
UL(R)
(11)
and
T˜L(R) ≡ U
†
L(R)TL(R)UL(R) = τ3 , (12)
where the unitary property of the Goldstone matrices
UL(R) has been employed in addition.
As conclusion from this section, it is possi-
ble to infer therefore the mandatory introduction
of these extra covariant objects O˜iL(R) in order
to construct any possible operator mixing the left
and right-handed covariant quantities OiL(R). No-
tice that under the new definitions in Eq. (9),
traces like Tr
(
O˜iL(R) O˜
j
L(R) ... O˜
n
L(R)
)
or the prod-
uct of traces Tr
(
O˜iL O˜
j
L ... O˜
n
L
)
Tr
(
O˜kR O˜
l
R ... O˜
m
R
)
, will
turn out to be equivalent to Tr
(
OiL(R)O
j
L(R) ...O
n
L(R)
)
and Tr
(
OiLO
j
L ...O
n
L
)
Tr
(
OkRO
l
R ...O
m
R
)
respectively.
Therefore, operators made out of products of purely
left or right-handed covariant quantities can be con-
structed out also via the covariant objects O˜iL(R) defined
in Eq. (9). Specifically for the framework assumed in
here, the EFT building blocks can be established through
Eqs. (11)-(12)
V˜
µ
L(R) , T˜L(R) , (13)
and transforming correspondingly as
V˜
µ
L → UY V˜
µ
LU
†
Y , V˜
µ
R → UY V˜
µ
RU
†
Y ,
T˜L → U
†
Y T˜LU
†
Y , T˜R → UY T˜RU
†
Y .
(14)
Similar definitions for the strength gauge fields WµνL(R)
are straightforward
W˜µνL(R) ≡ U
†
L(R)W
µν
L(R)UL(R) . (15)
Henceforth the set given in Eq. (13) and Eq. (15) will
shape the building blocks for the construction of the ef-
fective EW non–linear left-right symmetric approach un-
dertaken in this work3. Construction that will be en-
larged after accounting for all the possible gauge-Higgs
couplings arising out in this scenario through the generic
polynomial light Higgs function F(h) [25], singlet under
G, introduced in the following section and later on when
listing the non–linear left-right symmetric operators up
to the p4-order in the Lagrangian expansion.
B. Light Higgs inclusion
Higgs couplings can be directly brought into the scenario
via the generic light Higgs polynomial functions F(h) [25]
expandable as customary
Fi(h) ≡ 1 + 2 ai
h
fL
+ bi
h2
f2L
+ . . . , (16)
with dots standing for higher powers in h/fL [14] that
will not be considered below. The scale suppression for
each h–insertion is dictated by fL, as it is the scale where
3 Definitions in Eqs. (11)-(12) and Eq. (15), are basically those
ones employed from the very beginning in the non–linear effective
treatment of Refs. [18, 19]. In fact, V˜µ
L(R)
in Eq. (11) turns
out to be equivalent to the element Xµi , whereas W˜
µν
L(R)
are
proportional toW
µν
i (i = L,R), introduced both in [18, 19]. This
point will be remarked later again when listing all the non–linear
operators mixing the left and right-handed covariant objects up
to the p4–order in the effective Lagrangian expansion.
4h is generated as a GB prior to the extension of the SM
local group GSM to the larger one G. Gauge–h interac-
tions will arise by letting the non–linear operators to be
coupled either directly to F(h) or through its derivative
couplings, e.g. via ∂µF(h), (∂µF(h))
2
, ∂µF(h) ∂µF(h)
and ∂µ∂µF(h). Thus the building blocks set in Eqs. (13)
and (15) gets complemented by accounting for all the
possible interactions from F(h) and its corresponding
derivative couplings, under the assumption of a CP–even
behaviour for h.
So far the local gauge symmetry G has been demanded
throughout the non–linear effective approach considered
in here. There is another relevant symmetry emerging
after enlarging the initial SM local group GSM to G, pre-
cisely the one related with the exchange of the left and
right–handed components of the group SU(2)L⊗SU(2)R:
the parity symmetry PLR introduced in the following.
C. PLR–symmetry
The discrete parity symmetry PLR will imply the ex-
change of the L and R components of SU(2)L⊗ SU(2)R
and will play as well an important role for protect-
ing the Zbb¯–coupling from large corrections in the con-
text of composite Higgs models [27]. Moreover, it has
been shown to be an accidental symmetry up to p2–
Goldstone Lagrangian, broken by several p4–operators
(even in the limit gL, gR, g
′ → 0), with leading p6
non-zero effects in ππ scattering in the context of a gen-
eral effective SO(5)/SO(4) composite Higgs model sce-
nario [28]. Expectedly, the effective approach proposed in
this work will share these features as SU(2)L⊗SU(2)R ∼
SO(4). In fact, before gauging the scenario, i.e for
the case of vanishing couplings gL, gR and g
′, the ac-
tion of the discrete parity symmetry PLR will lead to
the traces like Tr
(
OiLO
j
L ...O
n
L
)
to be mapped onto
Tr
(
OiRO
j
R ...O
n
R
)
and vice versa, or the product of
traces Tr
(
OiLO
j
L ...O
n
L
)
Tr
(
OkRO
l
R ...O
m
R
)
to be PLR-
even. Furthermore, it will lead to the traces made out of
the mixed product of left and right-handed objects, e.g.
Tr
(
O˜iL O˜
j
R
)
to give rise to the trace4 Tr
(
O˜jL O˜
i
R
)
and
therefore more possible effective operators are feasible as
it will be realized when listing the operators afterwards.
The EW effective Lagrangian described in the fol-
lowing section keeps track of the light dynamical Higgs
picture in [25, 26, 29, 30] (see also Ref. [32, 33], and
for a short summary on the subject [34]), focused only
in the CP–conserving bosonic operators5, including the
4 Superscripts i and j involve Lorentz indices, so their naive ex-
change does not recover the initial trace necessarily.
5 Look at [30–32, 35, 36] for non–linear analysis including fermions.
new spin–1 resonances sourced by the symmetry group
SU(2)R, and up to p
4–order in the Lagrangian expansion.
III. THE EFFECTIVE LAGRANGIAN
Effective NP contributions from the strong dynamics as-
sumed in here will lead to non–zero departures with re-
spect to the SM Lagrangian L0 and will be encoded in
the Lagrangian Lchiral through
Lchiral = L0 + L0,R + L0,LR + ∆LCP + ∆LCP,LR .
(17)
As for the bosonic interacting sector concerns, the first
piece in Lchiral reads as
L0 = −
1
4
Bµν B
µν −
1
4
W aµν, LW
µν, a
L −
1
4
Gaµν G
µν, a+
+
1
2
(∂µh)(∂
µh)− V (h)−
f2L
4
Tr
(
V
µ
LVµ, L
)(
1 +
h
fL
)2
(18)
providing the SM strength gauge kinetic terms canoni-
cally normalized in the first line, whereas h–kinetic terms
and the effective scalar potential V (h) triggering the
EWSB from the first two terms at the second line, plus
the W±L and ZL masses (before considering the cor-
responding right handed and mixed left–right handed
terms introduced a posteriori) and their couplings to h
from the last term in the second line of Eq. (18). To keep
clear the notation according to the assumed local symme-
try group G, the SU(2)L–kinetic term and the custodial
conserving p2–operator Tr (VµVµ) have been properly
labelled, but the Lagrangian L0 as to emphasize its LO
character once the purely SM local group GSM is consid-
ered singly. From the scale factor of Tr (VµLVµ, L) it is
inferred that GB–kinetic terms are already canonically
normalized, in agreement with UL–definition of Eq. (2).
Phenomenological bounds strongly constrain the cus-
todial breaking p2–operator, being thus left for the NP
departures analysed later [26]. As long as the scenario
calls for the symmetric counterpart sourced by the cor-
responding local SU(2)R–extension, non–zero NP depar-
tures with respect to those from L0 will play a role into
the game, being encoded through the remaining pieces
of Lchiral Eq. (17), focused only on the CP–conserving
operators, and defined by
• L0,R: accounting for all the non–linear p
2-
operators dictated by the SU(2)R–extension,
• L0,LR: describing up to p
2–order all the operators
mixing the left and right handed-covariant objects,
• ∆LCP: encoding all those effective non–linear op-
erators made out of purely left or right handed co-
variant objects up to the p4-order, and
• ∆LCP,LR: parametrizing any possible mixing in-
teracting term between the SU(2)L and SU(2)R-
5covariant objects up to p4-operators and permitted
by the underlying left-right symmetry.
The following sections describe all these components one
per one.
A. SU(2)R–extension of L0: L0,R
The LO p2–Lagrangian for the SU(2)R–extension of the
framework is going to be encoded by L0,R, and described
as
L0,R = −
1
4
W aµν, RW
µν, a
R −
f2R
4
Tr
(
V
µ
RVµ, R
)(
1 +
h
fL
)2
(19)
where both of the terms in Eq. (19) are accounting for
the corresponding SU(2)R–counterparts for the SU(2)L
strength gauge kinetic term and the custodial conserving
operator Tr
(
V
µ
LVµ,L
)
from the LO p2–Lagrangian L0
of Eq. (18). Notice that the second operator in L0,R, i.e.
the custodial p2–operator Tr
(
V
µ
RVµ,R
)
sourced by the
G-invariance of the approach, entails an additional scale
fR that encodes the new high energy scale effects intro-
duced in the scenario once the SM local symmetry group
GSM is extended to G, and will provide canonically nor-
malized right handed GB according to the UR-definition
in Eq. (2). Moreover, the way the right handed gauge
fields couple to the light Higgs h is dictated by following
its left handed counterpart in L0 Eq (18).
B. SU(2)L − SU(2)R p
2–interplay: L0,LR
Up to the p2–order expansion, operators made of mixed
products of left and right–handed objects emerge from
the covariant objects O˜L(R) defined in Eq. (9), specifi-
cally from V˜µL(R), T˜L(R) and W˜
µν
L(R) defined in Eqs. (11),
(12) and (15) respectively. In fact, the p2–interplaying
Lagrangian for such contributions is parametrized via
L0,LR =
−
1
2
Tr
(
W˜µνL W˜µν, R
)
−
fLfR
2
Tr
(
V˜
µ
LV˜µ, R
)(
1 +
h
fL
)2
(20)
with W˜µνχ ≡ W˜
µν,a
χ τ
a/2 (χ standing for χ = L,R), and
where the trace has explicitly been written in the first
term as to make clear its G-invariance under the property
transformations in Eq. (10). Such term is not present
among the p2–terms listed in Refs. [18, 19], and will
be explicitly kept hereafter in this work. The gauge-h
interactions in the second term are following the same
prescription in analogy of L0 and L0,R. As it can be
clearly seen, in the unitary gauge the p2–Lagrangian
L0,LR drives non-zero kinetic mixing terms between the
strength gauge fields WµνL and W
µν
R from the first term
in Eq. (20), leading thus to rotate the strength gauge sec-
tor in order to make it diagonal. Likewise, non-zero mass
mixing terms among the left and right–handed gauge
fields are triggered by the second term in L0,LR, entailing
thus an additional diagonalization in the gauge sector in
order to obtain the required physical gauge masses. Such
rotation and diagonalization issues are left for a future
work [37], as the aim at this work consists in establish-
ing the whole G–invariant non–linear operator basis up
to the p4–contributions for the EW left–right bosonic in-
teractions faced here.
At higher orders in the momentum expansion more
interactions are sourced by the local symmetry group G,
part of them accounted by the fourth piece of Lchiral in
Eq. (17), i.e. ∆LCP, and described in the following.
C. G–extension of L0 + L0,R + L0,LR: ∆LCP
∆LCP includes all the possible bosonic CP–conserving
non–linear operators (that is, all pure gauge and gauge–h
operators plus pure Higgs ones) that describe deviations
from the LO p2–picture L0 + L0,R + L0,LR, due to
the strong interacting physics present at scales higher
than the EW one, and allowed by the G–invariance of
the framework. All the possible CP–conserving gauge–h
interactions up to p4–operators are split in here as
∆LCP = ∆LCP,L +∆LCP,R (21)
where the suffix L(R) labels all those operators set con-
structed out by means of the SU(2)L(R) building blocks
in Eqs. (13) and (15). In the context of purely EW chi-
ral effective theories coupled to a light Higgs, the first
contribution to ∆LCP, i.e. ∆LCP,L, has already been
provided in Refs. [25, 26], whereas for the left–right sym-
metric frameworks, part of ∆LCP,L and ∆LCP,R were
already analysed in Refs. [18, 19] as it will be shown
later. Both of the contributions ∆LCP,L and ∆LCP,R,
parametrizing the NP deviations with respect to the LO
p2-Lagrangian L0 + L0,R + L0,LR, can be written down
as
∆LCP,L = cGPG(h) + cBPB(h) +
∑
i={W,C,T}
ci,LPi,L(h) +
+
26∑
i=1
ci,LPi,L(h) + cHPH(h) + cHPH(h)
(22)
and
∆LCP,R =
∑
i={W,C,T}
ci,RPi,R(h) +
26∑
i=1
ci,RPi,R(h)
(23)
where cB, cG and ci,χ are model–dependent constant co-
efficients, whilst the first line of ∆LCP,L in Eq. (22) and
6the first term in Eq. (23) can be jointly written as
PG(h) = −
g2s
4
Gaµν G
µν
a FG(h)
PB(h) = −
g′2
4
Bµν B
µν FB(h)
PW,χ(h) = −
g2χ
4
W aµν, χW
µν, a
χ FW,χ(h)
PC, χ(h) = −
f2χ
4
Tr
(
V
µ
χVµ, χ
)
FC, χ(h)
PT, χ(h) =
f2χ
4
(
Tr
(
TχV
µ
χ
))2
FT, χ(h)
(24)
with suffix χ labelling again as χ = L,R, and the generic
Fi(h)–function of the scalar singlet h is defined for all
the operators following Eq. (16). Notice that operators
in Eq. (24) account for the CP conserving kinetic gauge
terms {PG(h), PB(h), PW,χ(h)}, custodial conserving
PC, χ(h) and custodial breaking operators PT, χ(h), all
of them coupled to their corresponding Fi(h).
The complete linearly independent set of 26 CP–
conserving pure gauge and gauge–h non–linear G–
invariant operators up to the p4-order in the effective
Lagrangian expansion, and encoded by Pi, L(h) (first
term in the second line of ∆LCP, L, Eq. (22)) have com-
pletely been listed in Refs. [25, 26]. On the other hand,
the symmetric counterpart extending the aforementioned
set Pi, L(h) and accounting for all the possible CP–
conserving pure gauge and gauge–h interactions up to
the p4–operators made out of the corresponding SU(2)R–
building blocks in Eqs. (13) and (15), is described by the
complete linearly independent set of 26 CP-conserving
operators Pi, R(h) (second term in ∆LCP, R of Eq. (23)),
so all in all there are 52 non–linear operators in total,
among the which 38 of them (19 Pi, L(h) + 19 Pi, R(h))
had already been listed in Refs. [18, 19]. In here, 14 addi-
tional operators have been found (7 Pi, L(h) + 7 Pi, R(h))
with respect to Refs. [18, 19] (among the which the seven
operators corresponding to χ = L were already reported
in Refs. [25, 26]) and naturally promoted by the symme-
tries of the model (together with the PLR–symmetry),
such that the whole tower of operators making up the
basis {Pi, L(h), Pi, R(h)} is given by:
P1, χ(h) = gχ g
′Bµν Tr
(
TχW
µν
χ
)
F1, χ(h) , P14, χ(h) = gχ ǫµνρσ Tr
(
TχV
µ
χ
)
Tr
(
V
ν
χW
ρσ
χ
)
F14, χ(h) ,
P2, χ(h) = i g
′Bµν Tr
(
Tχ
[
V
µ
χ,V
ν
χ
])
F2, χ(h) , P15, χ(h) =
(
Tr
(
TχDµV
µ
χ
))2
F15, χ(h) ,
P3, χ(h) = i gχTr
(
Wµνχ
[
Vµ, χ,Vν, χ
])
F3, χ(h) , P16, χ(h) = Tr
([
Tχ,Vν, χ
]
DµV
µ
χ
)
Tr
(
TχV
ν
χ
)
F16, χ(h) ,
P4(h) = i g
′Bµν Tr
(
TχV
µ
χ
)
∂νF4(h) , P17, χ(h) = i gχTr
(
TχW
µν
χ
)
Tr
(
TχVµ, χ
)
∂νF17, χ(h) ,
P5, χ(h) = i gχTr
(
Wµνχ Vµ, χ
)
∂νF5, χ(h) , P18, χ(h) = Tr
(
Tχ
[
V
µ
χ,V
ν
χ
])
Tr
(
TχVµ, χ
)
∂νF18, χ(h) ,
P6, χ(h) =
(
Tr
(
Vµ, χV
µ
χ
))2
F6, χ(h) , P19, χ(h) = Tr
(
TχDµV
µ
χ
)
Tr
(
TχV
ν
χ
)
∂νF19, χ(h) ,
P7, χ(h) = Tr
(
Vµ, χV
µ
χ
)
∂ν∂
νF7, χ(h) , P20, χ(h) = Tr
(
Vµ, χV
µ
χ
)
∂νF20, χ(h)∂
νF ′20, χ(h) ,
P8, χ(h) = Tr
(
V
µ
χV
ν
χ
)
∂µF8, χ(h) ∂νF
′
8, χ(h) , P21, χ(h) =
(
Tr
(
TχV
µ
χ
))2
∂νF21, χ(h) ∂
νF ′21(h) ,
P9, χ(h) = Tr
((
DµV
µ
χ
)2)
F9, χ(h) , P22, χ(h) =
(
Tr
(
TχV
µ
χ
)
∂µF22, χ(h)
)2
,
P10, χ(h) = Tr
(
V
ν
χDµV
µ
χ
)
∂νF10, χ(h) , P23, χ(h) = Tr
(
Vµ, χV
µ
χ
)(
Tr
(
TχV
ν
χ
))2
F23, χ(h) ,
P11, χ(h) =
(
Tr
(
V
µ
χV
ν
χ
))2
F11, χ(h) , P24, χ(h) = Tr
(
V
µ
χV
ν
χ
)
Tr
(
TχVµ, χ
)
Tr
(
TχVν, χ
)
F24, χ(h) ,
P12, χ(h) = g
2
χ
(
Tr
(
TχW
µν
χ
))2
F12, χ(h) , P25, χ(h) =
(
Tr
(
TχV
µ
χ
))2
∂ν∂
νF25, χ(h) ,
P13, χ(h) = i gχTr
(
TχW
µν
χ
)
Tr
(
Tχ
[
Vµ, χ,Vν, χ
])
F13, χ(h) , P26, χ(h) =
(
Tr
(
TχV
µ
χ
)
Tr
(
TχV
ν
χ
))2
F26, χ(h) ,
(25)
7with Wµνχ ≡ W
µν,a
χ τ
a/2. In red color have been high-
lighted all those operators already listed in the con-
text of purely EW chiral effective theories coupled to a
light Higgs in Refs. [25, 26] (for χ = L) and not pro-
vided in the left-right symmetric EW chiral treatment
of Refs. [18, 19]. In Eq. (25), Dµ denotes the covariant
derivative on a field transforming in the adjoint represen-
tation of SU(2)L, and defined as
DµVνχ ≡ ∂
µ
V
ν
χ + i gχ
[
Wµχ ,V
ν
χ
]
, χ = L,R . (26)
Notice that operators {P9, χ(h), P15−16, χ(h)P19, χ(h)}
containing the contraction DµV
µ
χ, and
{P7, χ(h), P25, χ(h)} with double derivatives of F(h),
are not present in Refs. [18, 19], and are the resulting
additional ones from the SU(2)R-extension of ∆LCP, L,
being naturally allowed by the local symmetries of the
model. Notice as well that the entire basis Pi, R(h)
contained in Eq. (25) (for χ = R) comes out just from
the straightforward parity action under PLR of the
operators tower Pi, L in Refs. [25, 26, 29], or in other
words, the whole basis Pi, R(h) is mapped from Pi, L(h)
via PLR–transformation.
Finally, the last two terms in the second line of ∆LCP,L
in Eq. (22) account for all the possible pure Higgs in-
teractions, with the p2 and p4–operators PH and PH
respectively as
PH(h) =
1
2
(∂µh)
2 FH(h) , PH =
1
v2
(h)2 FH(h) .
(27)
More pure Higgs operators are possible, like PDH(h) [28,
39] and P∆H
PDH(h) =
(
(∂µh)
2
)2
v4
FDH(h), P∆H =
(∂µh)
2h
v3
F∆H(h)
(28)
not listed here as they are beyond the scope of this work.
The G–invariant CP–conserving effective chiral operators
listed in Eq. (25) and accounting for pure gauge and
gauge-h interactions, belong to three major categories:
a) {P1−3,χ(h), P6,χ(h), P11−14,χ(h), P23−24,χ(h)}
and P26,χ(h) resulting from a direct extension
of the original Appelquist-Longhitano chiral Hig-
gsless basis already considered in Refs. [20–24],
coupled to the light Higgs F(h) insertions, and
after applying the discrete parity PLR.
b) {P9,χ(h), P15−16,χ(h)} containing the contraction
DµV
µ
χ and no derivative couplings from F(h).
c) {P4−5,χ(h), P7−8,χ(h), P10,χ(h), P17−22,χ(h)} and
P25,χ(h) with one or two derivative couplings from
F(h).
It can be realized that the number of independent oper-
ators in the non–linear expansion turns out to be larger
than for the analogous basis in the linear expansion, a
generic feature when comparing both type of effective
Lagrangians [26, 40]. The basis is also larger than that
for the chiral expansions developed in the past for the
case of a very heavy Higgs particle [20–22, 24], as:
i) Terms which in the absence of the Fi(h) functions
were shown to be equivalent via total derivatives,
are now independent.
ii) New terms including derivatives of h appear.
It is worth to comment that the LO custodial conserv-
ing p2–structure Tr (VµLVµ, L) together with the custo-
dial breaking p2–term (Tr (TLV
µ
L))
2
(as well as the SM
Yukawa terms not treated in here), can be straightfor-
wardly extended in a more general manner by coupling
them to the corresponding light Higgs dependence func-
tions at the LO p2–Lagrangian in Eq. (18), as
L0 ⊃
1
2
(∂µh)(∂
µh) (1 + cH FH(h)) − V (h)+
−
f2L
4
Tr
(
(VµL)
2
)
FC,L(h) + cT,L
f2L
4
(
Tr (TLV
µ
L)
)2
FT,L(h)
(29)
where FH(h), FC,L(h) and FT,L(h) are defined similarly
as in Eq. (16). Particularly for FC,L(h), specific forms,
alike in Eq. (16), were already provided in the litera-
ture [41, 42]. Constants a and b in Eq. (16) are model-
dependent parameters, and specifically, a and cT,L turn
out to be constrained from electroweak precision tests as
0.7 . a . 1.2 [43] and −1.7× 10−3 < cT,L < 1.9× 10
−3
[44] at 95% CL.
The generalized LO p2–Lagrangian L0 of Eq. (29) is
useful in fact for describing an extended class of “Higgs”
models:
• Mimicking the SM scenario with a linear Higgs sec-
tor after neglecting higher h-powers, and if 〈h〉 = v,
a = b = 1.
• Technicolor-like ansatz (for fL ∼ v and omitting all
terms in h) and intermediate situations with a light
scalar h from composite/holographic Higgs models
[8, 10–15, 45–47] (in general for fL 6= v).
• Dilaton-like scalar frameworks [39, 48–53] (for fL ∼
v), where the dilaton participates to the elec-
troweak symmetry breaking.
Despite the usefulness of the Lagrangian L0, it will be
assumed for the analysis below the LO p2–Lagrangian of
Eq. (18) henceforth.
The connection of the non–linear framework analysed
in here to the effective linear scenarios explicitly imple-
menting the SM Higgs doublet, has been done for the
case of the chiral Lagrangian Lchiral = L0 + ∆LCP,L
through Refs. [25, 26], where all the operators contained
in Eq. (22) were respectively weighted by powers of
ξ = v2/f2L, in order to keep track of their correspond-
ing operator siblings in the linear side. In fact, operators
in the LO p2–Lagrangian of Eq. (18), and those in the
8first line of Eq. (22), as well as P1−5,L(h), had been al-
ready pointed out in the analysis of the linear–non linear
connection of the SILH framework [44, 54]. Indeed, for
the ξ–small limit, all the operators weighted by ξn≥2 are
negligible and the resulting Lagrangian has a correspon-
dence with the SILH treatment. For the assumed non–
linear scenario in this work, such linking between both
of the EFT sides leads to account for the correspond-
ing left–right symmetric extension of the effective linear
approaches and it is beyond the scope of this paper.
On the other hand, a remarkable feature arises con-
cerning the PLR–symmetry for all the Lagrangian given
so far. As it was commented in Section II C, in the con-
text of a general effective SO(5)/SO(4) composite Higgs
model scenario [28], PLR was shown to be an acciden-
tal symmetry up to p2–order and broken by several p4–
operators. Exactly the same properties are shared by
the non–linear EW bosonic G-invariant scenario stud-
ied in this work, as it is suspected from the fact that
SU(2)L ⊗ SU(2)R ∼ SO(4). Indeed, p
2–operators in the
LO Lagrangian L0 + L0,R + L0,LR described through
Eqs. (18)-(20), explicitly exhibit PLR as an accidental
symmetry of the approach. At higher momentum order
in the Lagrangian expansion, the p4–operators encoded
in ∆LCP through the Eqs. (21)–(25) and Eq. (27), do
not break PLR either. As soon as the p
4–operators made
of mixed left and right–handed covariant structures are
called in, non-zero contributions triggering the breaking
of PLR will appear in the scenario as it will be seen a
posteriori.
Up to now all the possible CP–invariant non–linear
operators allowed by the local symmetry G have been
encoded up to the p4–order in the first four pieces of
Lchiral, i.e. in L0 + L0,R + L0,LR + ∆LCP through
Eqs. (18)-(25) and Eq. (27). In the following section the
SU(2)L − SU(2)R interplay between both of the sym-
metries is faced by accounting for all the possible mixed
left–right symmetric interactions and up to the p4–order
via the remaining piece in Lchiral Eq. (17), i.e. ∆LCP,LR.
D. SU(2)L − SU(2)R interplay: ∆LCP,LR
As it was explained in Section IIA, the construction of
operators mixing the left and right–handed covariant ob-
jects lead to employ the covariant objects V˜µL(R), T˜L(R)
and W˜µνL(R) given in Eqs. (11), (12) and (15) respectively.
Armed with these building tools, the complete set of op-
erators accounting for the mixing between SU(2)L and
SU(2)R covariant structures, can be parametrized as
∆LCP,LR =∑
i={W,C,T}
ci,LRPi,LR(h) +
26∑
i=2, i6=4
ci(j),LR Pi(j),LR(h) ,
(30)
where the index j spans over all the possible operators
that can be built up from each Pi,χ(h) in Eq. (25), and
here labelled as Pi(j),LR(h) (as well as their correspond-
ing coefficients ci(j),LR), whilst the first term in ∆LCP,LR
encodes the operators
PW,LR(h) = −
1
2
gL gR Tr
(
W˜µνL W˜µν, R
)
FW,LR(h)
PC,LR(h) = −
1
2
fL fR Tr
(
V˜
µ
LV˜µ,R
)
FC,LR(h)
PT, LR(h) =
1
2
fL fR Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜µ,R
)
FT, LR(h)
(31)
corresponding to the “mixed” versions of
{PW,χ(h), PC,χ(h), PT,χ(h)} in Eq. (24), with PW,LR(h)
missing in [18, 19]. The complete set of operators
Pi(j),LR(h) in the second term of ∆LCP,LR are listed as:
P2(1)(h) = i g
′BµνTr
(
T˜L
[
V˜
µ
L, V˜
ν
R
])
F2(1) , P16(4)(h) = Tr
(
[T˜R, V˜
ν
R]DµV˜
µ
L
)
Tr
(
T˜L V˜ν, L
)
F16(4) ,
P3(1)(h) = i gLTr
(
W˜µνL
[
V˜µ, R, V˜ν, R
])
F3(1) , P16(5)(h) = Tr
(
[T˜R, V˜
ν
R]DµV˜
µ
L
)
Tr
(
T˜R V˜ν,R
)
F16(5) ,
P3(2)(h) = i gRTr
(
W˜µνR
[
V˜µ,L, V˜ν, L
])
F3(2) , P16(6)(h) = Tr
(
[T˜L, V˜
ν
L]DµV˜
µ
R
)
Tr
(
T˜L V˜ν, L
)
F16(6) ,
P3(3)(h) = i gLTr
(
W˜µνL
[
V˜µ, L, V˜ν, R
])
F3(3) , P17(1)(h) = i gLTr
(
T˜L W˜
µν
L
)
Tr
(
T˜R V˜µ, R
)
∂νF17(1) ,
P3(4)(h) = i gRTr
(
W˜µνR
[
V˜µ,L, V˜ν, R
])
F3(4) , P17(2)(h) = i gRTr
(
T˜R W˜
µν
R
)
Tr
(
T˜L V˜µ,L
)
∂νF17(2) ,
P5(1)(h) = i gLTr
(
W˜µνL V˜µ,R
)
∂νF5(1) , P18(1)(h) = Tr
(
T˜L [V˜
µ
L, V˜
ν
L]
)
Tr
(
T˜R V˜µ,R
)
∂νF18(1) ,
P5(2)(h) = i gRTr
(
W˜µνR V˜µ,L
)
∂νF5(2) , P18(2)(h) = Tr
(
T˜R [V˜
µ
R, V˜
ν
R]
)
Tr
(
T˜L V˜µ, L
)
∂νF18(2) ,
(32)
9P6(1)(h) =
(
Tr
(
V˜
µ
L V˜µ, R
))2
F6(1) , P18(3)(h) = Tr
(
T˜L [V˜
µ
L, V˜
ν
R]
)
Tr
(
T˜L V˜µ,L
)
∂νF18(3) ,
P6(2)(h) = Tr
(
V˜
µ
L V˜µ, L
)
Tr
(
V˜
ν
R V˜ν,R
)
F6(2) , P18(4)(h) = Tr
(
T˜R [V˜
µ
L, V˜
ν
R]
)
Tr
(
T˜R V˜ν, R
)
∂µF18(4) ,
P6(3)(h) = Tr
(
V˜
µ
L V˜µ, L
)
Tr
(
V˜
ν
L V˜ν, R
)
F6(3) , P18(5)(h) = Tr
(
T˜L [V˜
µ
L, V˜
ν
R]
)
Tr
(
T˜R V˜µ, R
)
∂νF18(5) ,
P6(4)(h) = Tr
(
V˜
µ
R V˜µ, R
)
Tr
(
V˜
ν
L V˜ν, R
)
F6(4) , P18(6)(h) = Tr
(
T˜R [V˜
µ
L, V˜
ν
R]
)
Tr
(
T˜L V˜ν, L
)
∂µF18(6) ,
P7(1)(h) = Tr
(
V˜
µ
L V˜µ, R
)
∂ν∂
νF7(1) , P19(1)(h) = Tr
(
T˜LDµV˜
µ
L
)
Tr
(
T˜R V˜
ν
R
)
∂νF19(1) ,
P8(1)(h) = Tr
(
V˜
µ
L V˜
ν
R
)
∂µF8(1) ∂νF
′
8(1) , P19(2)(h) = Tr
(
T˜RDµV˜
µ
R
)
Tr
(
T˜L V˜
ν
L
)
∂νF19(2) ,
P9(1)(h) = Tr
(
DµV˜
µ
LDνV˜
ν
R
)
F9(1) , P20(1)(h) = Tr
(
V˜µ,L V˜
µ
R
)
∂νF20(1) ∂
νF ′20(1) ,
P10(1)(h) = Tr
(
V˜
ν
LDµV˜
µ
R
)
∂νF10(1) , P21(1)(h) = Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜µ,R
) (
∂νF21(1)
)2
,
P10(2)(h) = Tr
(
V˜
ν
RDµV˜
µ
L
)
∂νF10(2) , P22(1)(h) = Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜
ν
R
)
∂µF22(1)∂νF
′
22(1) ,
P11(1)(h) =
(
Tr
(
V˜
µ
L V˜
ν
R
))2
F11(1) , P23(1)(h) = Tr
(
V˜
µ
L V˜µ, L
) (
Tr
(
T˜R V˜
ν
R
))2
F23(1) ,
P11(2)(h) = Tr
(
V˜
µ
L V˜
ν
L
)
Tr
(
V˜µ,R V˜ν, R
)
F11(2) , P23(2)(h) = Tr
(
V˜
µ
R V˜µ, R
) (
Tr
(
T˜L V˜
ν
L
))2
F23(2) ,
P11(3)(h) = Tr
(
V˜
µ
L V˜
ν
L
)
Tr
(
V˜µ,L V˜ν, R
)
F11(3) , P23(3)(h) = Tr
(
V˜
µ
L V˜µ, L
)
Tr
(
T˜L V˜
ν
L
)
Tr
(
T˜R V˜ν, R
)
F23(3) ,
P11(4)(h) = Tr
(
V˜
µ
R V˜
ν
R
)
Tr
(
V˜µ, L V˜ν,R
)
F11(4) , P23(4)(h) = Tr
(
V˜
µ
R V˜µ, R
)
Tr
(
T˜L V˜
ν
L
)
Tr
(
T˜R V˜ν,R
)
F23(4) ,
P11(5)(h) = Tr
(
V˜
µ
L V˜
ν
R
)
Tr
(
V˜µ,R V˜ν, L
)
F11(5) , P23(5)(h) = Tr
(
V˜
µ
L V˜µ, R
) (
Tr
(
T˜R V˜
ν
R
))2
F23(5) ,
P12(1)(h) = gL gR Tr
(
T˜L W˜
µν
L
)
Tr
(
T˜R W˜µν, R
)
F12(1) , P23(6)(h) = Tr
(
V˜
µ
L V˜µ, R
)(
Tr
(
T˜L V˜
ν
L
))2
F23(6) ,
P13(1)(h) = i gLTr
(
T˜L W˜
µν
L
)
Tr
(
T˜R
[
V˜µ, R, V˜ν, R
])
F13(1) , P23(7)(h) = Tr
(
V˜
µ
L V˜µ, R
)
Tr
(
T˜L V˜
ν
L
)
Tr
(
T˜R V˜ν, R
)
F23(7) ,
P13(2)(h) = i gRTr
(
T˜R W˜
µν
R
)
Tr
(
T˜L
[
V˜µ, L, V˜ν, L
])
F13(2) , P24(1)(h) = Tr
(
V˜
µ
L V˜
ν
L
)
Tr
(
T˜R V˜µ, R
)
Tr
(
T˜R V˜ν,R
)
F24(1) ,
P13(3)(h) = i gLTr
(
T˜L W˜
µν
L
)
Tr
(
T˜L
[
V˜µ, L, V˜ν,R
])
F13(3) , P24(2)(h) = Tr
(
V˜
µ
R V˜
ν
R
)
Tr
(
T˜L V˜µ, L
)
Tr
(
T˜L V˜ν, L
)
F24(2) ,
P13(4)(h) = i gRTr
(
T˜R W˜
µν
R
)
Tr
(
T˜R
[
V˜µ,L, V˜ν, R
])
F13(4) , P24(3)(h) = Tr
(
V˜
µ
L V˜
ν
L
)
Tr
(
T˜L V˜µ,L
)
Tr
(
T˜R V˜ν, R
)
F24(3) ,
P14(1)(h) = gL ǫµνρσ Tr
(
T˜RV˜
µ
R
)
Tr
(
V˜
ν
L W˜
ρσ
L
)
F14(1) , P24(4)(h) = Tr
(
V˜
µ
R V˜
ν
R
)
Tr
(
T˜L V˜µ, L
)
Tr
(
T˜R V˜ν,R
)
F24(4) ,
P14(2)(h) = gR ǫµνρσ Tr
(
T˜LV˜
µ
L
)
Tr
(
V˜
ν
R W˜
ρσ
R
)
F14(2) , P24(5)(h) = Tr
(
V˜
µ
L V˜
ν
R
)
Tr
(
T˜R V˜µ, R
)
Tr
(
T˜R V˜ν, R
)
F24(5) ,
P14(3)(h) = gL ǫµνρσ Tr
(
T˜LV˜
µ
L
)
Tr
(
V˜
ν
R W˜
ρσ
L
)
F14(3) , P24(6)(h) = Tr
(
V˜
µ
L V˜
ν
R
)
Tr
(
T˜L V˜µ, L
)
Tr
(
T˜L V˜ν, L
)
F24(6) ,
P14(4)(h) = gR ǫµνρσ Tr
(
T˜RV˜
µ
R
)
Tr
(
V˜
ν
L W˜
ρσ
R
)
F14(4) , P24(7)(h) = Tr
(
V˜
µ
L V˜
ν
R
)
Tr
(
T˜L V˜µ, L
)
Tr
(
T˜R V˜ν, R
)
F24(7) ,
(33)
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P14(5)(h) = gR ǫµνρσ Tr
(
T˜LV˜
µ
L
)
Tr
(
V˜
ν
L W˜
ρσ
R
)
F14(5) , P24(8)(h) = Tr
(
V˜
µ
L V˜
ν
R
)
Tr
(
T˜R V˜µ, R
)
Tr
(
T˜L V˜ν, L
)
F24(8) ,
P14(6)(h) = gL ǫµνρσ Tr
(
T˜RV˜
µ
R
)
Tr
(
V˜
ν
R W˜
ρσ
L
)
F14(6) , P25(1)(h) = Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜µ, R
)
∂ν∂
νF25(1) ,
P15(1)(h) = Tr
(
T˜LDµV˜
µ
L
)
Tr
(
T˜RDνV˜
ν
R
)
F15(1) , P26(1)(h) =
(
Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜µ, R
))2
F26(1) ,
P16(1)(h) = Tr
(
[T˜L, V˜
ν
L]DµV˜
µ
L
)
Tr
(
T˜R V˜ν, R
)
F16(1) , P26(2)(h) =
(
Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜
ν
R
))2
F26(2) ,
P16(2)(h) = Tr
(
[T˜R, V˜
ν
R]DµV˜
µ
R
)
Tr
(
T˜L V˜ν, L
)
F16(2) , P26(3)(h) = Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜µ, R
)(
Tr
(
T˜L V˜
ν
L
))2
F26(3) ,
P16(3)(h) = Tr
(
[T˜L, V˜
ν
L]DµV˜
µ
R
)
Tr
(
T˜R V˜ν, R
)
F16(3) , P26(4)(h) = Tr
(
T˜L V˜
µ
L
)
Tr
(
T˜R V˜µ, R
)(
Tr
(
T˜R V˜
ν
R
))2
F26(4) ,
(34)
where the explicit light Higgs dependence is implicitly
assumed through all Fi(h) (here omitted in all Fi(h) for
shortness), although it has explicitly been kept for the op-
erators nomenclature in Eqs. (30)-(34). Suffix LR in all
Pi(j),LR(h) and their corresponding Fi(j),LR(h) has been
omitted as well in Eqs. (32)-(34). Among the total 75 op-
erators Pi(j),LR(h) listed in Eqs. (31)-(34), 23 operators
(highlighted in red color again) are missing in the left-
right symmetric EW chiral treatment of Refs. [18, 19].
PLR symmetry
⇐⇒
P6(3)(h) P6(4)(h)
P10(1)(h) P10(2)(h)
P11(3)(h) P11(4)(h)
P16(1,3,5)(h) P16(2,4,6)(h)
P18(1)(h) P18(2)(h)
P18(3,5)(h) −P18(4,6)(h)
P19(1)(h) P19(2)(h)
P23(1,3,5)(h) P23(2,4,6)(h)
P24(1,3,5)(h) P24(2,4,6)(h)
TABLE I: PLR–symmetry acting over a subset of operators from
∆LCP,LR in Eq. (30)-(34). The rest of the operators from
∆LCP,LR (in the limit gL, gR, g
′
→ 0) not listed here are
PLR–even. Operators P18(3−6)(h) are explicitly triggering the
breaking of PLR.
Through the operators tower in Eqs. (32)-(34) the defi-
nition for DµV˜
µ
L(R) follows a similar one as in Eq. (9)
DµV˜
µ
L(R) ≡ U
†
L(R)DµV
µ
L(R)UL(R) , (35)
where DµVνL(R) has been defined in Eq. (26). No-
tice that operators P9(1)(h), P10(1−2)(h), P15(1)(h),
P16(4−6)(h), P19(1−2)(h), and P16(1−3)(h) containing the
contraction DµV
µ
L(R), whereas P5(1−2)(h), P18(3−6)(h)
and P19(1−2)(h) involving one derivative of F(h), and
P7(1)(h), P20(1)(h), and P25(1)(h) with double derivatives
of F(h), are not present in Refs. [18, 19], and are the re-
sulting additional ones from the allowed SU(2)L–SU(2)R
interplay of ∆LCP,LR, together with the PLR–symmetry.
The interplaying G–invariant CP–conserving non–
linear operators and up to the p4–order in the Lagrangian
expansion, listed in Eq. (32)-(34), can be catalogued as:
a) P2(1)(h), P3(1−4)(h), P6(1−4)(h), P11(1−5)(h),
P12(1)(h), P13(1−4)(h), P14(1−6)(h), P23(1−7)(h),
P24(1−8)(h) and P26(1−4)(h) coming from a direct
extension of the original Appelquist-Longhitano
chiral Higgsless basis already considered in
Refs. [20–24], coupled to the light Higgs F(h) in-
sertions, and accounting for each one of the oper-
ators than can be built up mixing left and right–
handed covariant objects, supplemented by apply-
ing the discrete parity PLR to bring more mixing
operators.
b) P9(1)(h), P15(1)(h) and P16(1−6)(h) containing the
contractionDµV
µ
χ and no derivative couplings from
F(h).
c) P5(1−2)(h), P7(1)(h), P8(1)(h), P10(1−2)(h),
P17(1−2)(h), P18(1−6)(h), P19(1−2)(h), P20(1)(h),
P21(1)(h), P22(1)(h) and P25(1)(h) with one or two
derivative couplings from F(h).
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As it is was mentioned in Section IIA, after doing
the proper replacement in Eqs. (31)-(34) as V˜µL(R) →
XµL(R) and W˜
µν
L(R) →
1
gL(R)
W
µν
L(R) (following notation
in [18, 19]), and further replacing the matrices T˜L(R)
according to Eq. (12), all the operators mixing the left
and right-handed covariant objects in [18, 19] are recov-
ered, but the red coloured ones in Eqs. (31)-(34), result-
ing as commented above from the inclusion of the co-
variant structures DµV
µ
χ and derivative couplings from
F(h), plus the action of PLR.
Finally, the transformation properties under the parity
symmetry PLR of some of the operators from ∆LCP,LR
in Eq. (30)-(34) are exhibited in the Table I, with
the operators not gathered in there behaving as PLR–
even (for the vanishing limit gL, gR, g
′ → 0). Com-
pact notation Pi(j,k,l),LR(h) in the left column stands
for operators Pi(j),LR(h), Pi(k),LR(h), Pi(l),LR(h) re-
flected to Pi(m),LR(h), Pi(n),LR(h) Pi(p),LR(h) (or vice
versa) respectively, and collected by the operator no-
tation Pi(m,n,p),LR(h) in the right column. As an-
ticipated before, a set of p4–operators, in this case
P18(3−6),LR(h), triggers the breaking of PLR explicitly, as
it was expected from the general composite Higgs models
grounds [28, 55]. It is worth to comment on the trans-
formation properties under the action of PLR at the La-
grangian level. In fact, requiring PLR–invariance for the
p2–Lagrangian L0 + L0,R + L0,LR (Eqs. (18)-(20)) and
in the limit gL, gR, g
′ → 0, will lead to the degener-
ated case fL ≡ fR. Furthermore, and before gauging
the symmetry, PLR–invariance for the Lagrangian ∆LCP
will imply ci,L ≡ ci,R for the operator coefficients in
Eqs. (22)-(23), as well as ai,L ≡ ai,R, bi,L ≡ bi,R for
the coefficient in the polynomial definition of Eq. (16)
(and for the rest of the coefficients in its expansion).
Likewise for the Lagrangian ∆LCP,LR, where the coef-
ficients ci(j,k,l),LR for each one of the operators in the
left column of Table I will have to be equal to the cor-
responding coefficients ci(m,n,p),LR in the right column
(for the specific case of operators P18(j),LR(h) it leads
to c18(3,5),LR = −c18(4,6),LR), and similarly for the im-
plied coefficients in the light Higgs function definition.
In the most general cases, such restrictive situation is
not fulfilled, even less after the G–gauging is turned on.
Henceforth, non-degenerate scales and operators coeffi-
cients will be assumed in general, i.e. no PLR–invariance
at the Lagrangian level.
Some of the CP–conserving bosonic operators provided
above can be directly translated into pure bosonic opera-
tors plus fermionic-bosonic ones. Such connection can be
established through the covariant derivative DµV
µ
χ and
the corresponding equation of motion for the light Higgs
as it is described in the following.
E. Linking to fermionic operators
Some set of operators from ∆LCP (Eq. (25)) and
∆LCP,LR (Eqs. (32)-(34)) are independent only for the
non-vanishing fermion masses case. Indeed, those oper-
ators containing the covariant contraction DµV
µ
χ can be
linked to Yukawa couplings [25, 26], through the imple-
mentation of the gauge field EOM and the Dirac equa-
tions. When fermion masses are neglected, those oper-
ators can be written in terms of the other operators in
the basis ∆LCP and ∆LCP,LR. In addition, using the
light h–EOM, operators with two derivative couplings of
F(h) can be reduced to a combination of bosonic oper-
ators plus fermionic-bosonic ones. In general, all those
operators must be included to have a complete and inde-
pendent bosonic basis.
Considering the LO Lagrangian L0 + L0,R + L0,LR
described along Eqs. (18)-(20) the equations of motion
for the strength gauge fields Wµ,aL(R) and B
µ, and for the
light Higgs h, are correspondingly given by
(
DµW
µν
L(R)
)a
+
δLf−kinetic
δW aν,L(R)
+ (1 + cW,LR) ∂µ
[
Tr
(
U
†
L(R) τ
a
UL(R) W˜
µν
R(L)
) ]
=
i
4
gL(R)
{
f2L(R)Tr
(
V
ν
L(R) τ
a
)
+ (1 + cC,LR) fLfRTr
(
U
†
L(R) τ
a
UL(R) V˜
ν
R(L)
)}(
1 +
h
fL
)2
,
(36)
∂µB
µν +
δLf−kinetic
δBν
=
−
i
4
g′
{[
f2LTr
(
TLV
ν
L
)
+ f2R Tr
(
TRV
ν
R
)]
+ fL fR (1 + cC,LR)
[
Tr
(
T˜R V˜
ν
L
)
+Tr
(
T˜L V˜
ν
R
)]}(
1 +
h
fL
)2
,
(37)
12
h +
δLY ukawa
δh
+
δV (h)
δh
=
−
1
2 fL
[
f2LTr
(
V
µ
LVµ,L
)
+ f2R Tr
(
V
µ
RVµ,R
)](
1 +
h
fL
)
+ (1 + cC,LR)
fR
2
Tr
(
V˜
µ
L V˜µ, R
)(
1 +
h
fL
)
,
(38)
where the fermion dependent part of the EOMs has been
generically encoded in the second terms at the first lines
of Eqs. (36)-(37)-(38) respectively, as no explicit kinetic
fermion terms nor Yukawa interactions were accounted
by Lchiral in (17). From Eqs. (36)-(37) it is derived
[
fR (fR + (1 + cC,LR) fL)Tr
(
TRDµV
µ
R
)
+ (R↔ L)
](
1 +
h
fL
)2
=
− 2
[
fL (fL + (1 + cC, LR) fR)Tr
(
TLV
µ
L
)
+ (L↔ R)
] ∂µh
fL
(
1 +
h
fL
)
+
4 i
g′
∂µ
(δLf−kinetic
δBµ
)
,
(39)
{
fL(R) Tr
(
τaDµV
µ
L(R)
)
+ (1 + cC,LR) fR(L) Tr
(
U
†
L(R) τ
a
UL(R)DµV˜
µ
R(L)
)}(
1 +
h
fL
)2
=
{
− 2 fL(R)Tr
(
τaVµL(R)
) ∂µh
fL
− (1 + cC,LR) fR(L) Tr
(
U
†
L(R) τ
a
UL(R)
[
V˜
µ
L(R), V˜µ,R(L)
])}(
1 +
h
fL
)
+
− 2 (1 + cC,LR) fR(L) Tr
(
U
†
L(R) τ
a
UL(R) V˜
µ
R(L)
) ∂µh
fL
(
1 +
h
fL
)
−
4 i
gL(R) fL(R)
∂µ
(δLf−kinetic
δW aµ,L(R)
)
,
(40)
where the last terms in Eqs. (39)-(40) can be translated
into Yukawa terms via implementation of the correspond-
ing Dirac equations. As it can be seen from the relations
above, operators containing the contraction DµV
µ
R can
be translated into fermionic-bosonic operators plus pure
bosonic ones, with some of them containing the contrac-
tionDµV
µ
L (from the second terms in the left hand side of
Eqs. (39)-(40)). Furthermore, by using the light Higgs-
EOM in Eq. (38), those operators with two derivative
couplings of F(h) can be also rewritten in terms of pure
bosonic ones plus fermionic-bosonic ones. More specifi-
cally,
• For the massless fermion case, operators
{P9,R(h), P15−16, R(h)P19, R(h)} with the con-
traction DµV
µ
R in Eq. (25), can be traded by pure
bosonic operators contained in ∆LCP (Eq. (25)),
some of them with the structure DµV
µ
L, and
therefore they can be disregarded from the fi-
nal operator basis in ∆LCP. Similar feature
applies for the operators P9(1)(h), P10(1)(h),
P15(1)(h), P16(2−3)(h), P16(6)(h) and P19(2)(h)
from ∆LCP,LR (Eqs. (32)-(34)). In general, for
the massive fermion case, all the previous operators
have to be retained in the final basis.
• For the vanishing fermion case, operators
{P7, R(h), P25, R(h)} with double derivatives
of F(h) in Eq. (25) can be rewritten in terms of
bosonic operators, with some of them contained
in ∆LCP and others in ∆LCP,LR, and thus can
be disregarded from the final operator basis.
Likewise, operators {P7(1)(h), P25(1)(h)} from
∆LCP,LR (Eqs. (32)-(34)) are rewritable in terms
of operators in ∆LCP,LR. When fermion masses
are switched on, all the previous operators are
physical and have to be included in the final basis.
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F. Integrating-out heavy right handed fields
It is possible to integrate out the right handed gauge
fields from the physical spectrum via the EOMs in
Eqs. (36)-(38) through the relations
V
µ
R ≡ −ǫ V
µ
L , with ǫ ≡
fL
fR
(1 + cC, LR) (41)
that can be translated into the unitary gauge as
W±µ, R ⇒ −
gL
gR
ǫ W±µ, L ,
W 3µ,R ⇒
g′
gR
(1 + ǫ)Bµ −
gL
gR
ǫ W 3µ,L
(42)
By plugging back the Eq. (41) through (23)-(25) (for
χ = R) and (30)-(34), all the right handed and left-right
operators will collapse onto the left ones, affecting the
corresponding global coefficients ci,L in a generic man-
ner as
ci,L =⇒ c˜i,L = ci,L +
4∑
k=1
ǫk F (k)
(
ci,R, ci(j), cl(m)
)
(43)
where the functions F (k)
(
ci,R, ci(j), cl(m)
)
will encode
linear combinations on the coefficients ci,R, ci(j) and ad-
ditional mixing left-right operators via cl(m). All the
functions in (43) can be easily read from [37]. The contri-
butions induced onto the left handed operators are sup-
pressed by powers of the ratio fL/fR, being determined
by the number of fields VµR through each one of the right
and left–right operators. Consequently, in the limiting
case fL ≪ fR at low energies, it is realized that the set
of non-linear operators
{PB, PC,L, PT,L, P1,L, P2,L, P4,L} (44)
is sensitive, up to the O(ǫ)-contributions, either from the
right handed operators
{PC,R, PT,R, PW,R, P1,R, P12,R} (45)
or the mixing left–right set
{PC,LR, PT,LR, PW,LR, P3(2), P12(1), P13(2), P17(2)} .
(46)
This is relevant for the EWPT parameters S and T ,
as they are sensitive to the effects from P1,L and PT,L
respectively [37]. The tree-level contributions to the
oblique parameters S and T [56], turn out to be
αem∆S = 2 s2W αWB − 8 e
2 c˜1,L , αem∆T = 2 c˜T,L ,
(47)
with αem the fine structure constant and the notation
s2W ≡ sin(2 θW ). The coefficient αWB and the redefined
ones c˜1,L and c˜T,L are defined as
αWB ≡
g′
2gR
(
1− 2
gL
gR
ǫ
)
(1 + ǫ) ,
c˜1,L = c1,L −
1
4
cW,LR + c12(1) ,
c˜T,L = cT,L + cT,R − 2cT,LR .
(48)
Furthermore, the triple gauge–boson couplings (TGC)
are also sensitive to the induced effects by integrating out
the right handed fields. These couplings can be gener-
ically described through the customary parametriza-
tion [57]
LTGV
gWWV
= i
{
gV1
(
W+µνW
− µV ν −W+µ VνW
−µν
)
+ κVW
+
µ W
−
ν V
µν +
− igV5 λ
µνρσ
(
W+µ ∂ρW
−
ν −W
−
ν ∂ρW
+
µ
)
Vσ + g
V
6
(
∂µW
+µW−ν − ∂µW
−µW+ν
)
Vν
}
,
(49)
where V ≡ {γ, Z} and gWWγ ≡ e, gWWZ ≡ e cW /sW ,
with W±µν and Vµν standing for the kinetic part of the
implied gauge field strengths. The compact notation
cW ≡ cos θW and sW ≡ sin θW is implicit. Electromag-
netic gauge invariance requires gγ1 = 1 and g
γ
5 = 0, in con-
sequence the CP-even TGC encoded in (49) depends in
all generality on six dimensionless couplings gZ1 , g
Z
5 , g
γ,Z
6
and κγ,Z . Their SM values are g
Z
1 = κγ = κZ = 1 and
gZ5 = g
γ
6 = g
Z
6 = 0. Additionally, the couplings g
V
6 have
been introduced to account for the contributions associ-
ated to the operators containing the contraction DµV
µ
L,
with its corresponding ∂µV
µ
L–part vanishing only for on-
shell gauge bosons. When fermion masses are neglected,
such contraction can be disregarded. The set of TGC
parametrized through LTGV in (49) are written up to
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the O(ǫ)-contributions as
g
Z
1 = 1−
2s4W
c2W s2W
αWB+
+
1
2c2W
[
c˜T,L − 4e
2
(
c12,L −
s2W c˜1,L
c2W
)]
−
4e2c3,L
s22W
,
κγ = 1 +
cW
sW
αWB+
−
e2
s2W
(2c˜1,L + 2c˜2,L + c3,L + 4c12,L + 2c13,L) ,
κZ = 1−
s2W
2c2W
αWB +
c˜T,L
2 c2W
+ e2
(
2c˜1,L
c2W
+
2c˜2,L
c2W
)
+
−
e2
s2W
[(
1
c2W
+ 3
)
c12,L + c3,L + 2c13,L
]
,
g
Z
5 = −
4e2
s22W
c14,L , g
γ
6 =
e2
s2W
c9,L ,
g
Z
6 = e
2
(
4c16,L
s22W
−
c9,L
c2W
)
,
(50)
with
c˜2,L = c2,L +
1
2
(
2c13(2) + c3(2)
)
. (51)
Likewise, some pair gauge bosons–Higgs cou-
plings will be affected too. In fact, the vertexes
{FµνF
µνh, ZµνZ
µνh, FµνZ
µνh, Zµ Z
µν ∂νh, Zµ F
µν ∂νh},
and {W †µW
µh, ZµZ
µh} will depend of linear combina-
tions of the operators in (44). See [37] for further details
on the implied phenomenology and the allowed ranges
for the involved operator coefficients.
As it was pointed out in [26] concerning the
bounds on the hV V couplings, the operators set
{P7,L, P9,L, P10,L} was not included since their phys-
ical impact on the observables considered is negligi-
ble, while the set {P12,L, P17,L, P19,L, P25,L} doesn’t
entail a relevant contribution for the non-linear real-
ization of the dynamics. In addition, the operators
set {P9,L, P10,L, P15,L, P16,L, P19−21,L} becomes redun-
dant for the massless fermion case via EOM [26], while
the set {P8,L, P18,L, P20−22,L} doesn’t contribute di-
rectly to any of the couplings listed previously. These
remarks lead us to have finally 19 left–handed operators
that can be disregarded, and then, an effective set of 12
left ops. = 31 (set in (24)+(25)) - 19. From all these
considerations it is concluded that a right handed gauge
sector far above the EW scale will imply a hierarchical
case with NP effects parametrized via a much smaller op-
erator basis as the fL/fR–suppression would entail, and
leaving us therefore with 24 operators in total = 12 left
ops. + 5 right ops. (in (45)) + 7 left–right ops (in (46)).
IV. CONCLUSIONS
In the tantalizing and challenging high energy regimes
reachable at the LHC and future colliders, an effective
Lagrangian approach is in order to parametrize all its
possible physical effects detectable at low energies. In
this paper, and concerning only the bosonic gauge sec-
tor, the NP field content is dictated by the existence of
spin–1 resonances sourced by the extension of the SM lo-
cal gauge symmetry GSM = SU(2)L ⊗ U(1)Y up to the
larger local group G = SU(2)L ⊗ SU(2)R ⊗ U(1)B−L,
here described via a non–linear EW scenario with a light
dynamical Higgs, and up to the p4-contributions in the
Lagrangian expansion.
This paper completes the CP–conserving pure gauge
and gauge-h operator basis given in Refs. [18, 19] in the
context of left–right symmetric EW chiral models, gener-
alizing thus the work done in Refs. [20–24] for the heavy
Higgs chiral scenario, and extending as well Refs. [25, 26]
for the light Higgs dynamical framework, to the case of
a larger local gauge symmetry G in the context of non–
linear EW interactions coupled to a light Higgs particle.
The CP–violating counterpart of this analysis has been
studied in a separate work [58].
The analysis provided in this work may also be con-
sidered as a generic UV completion of the low energy
non–linear treatments of Refs. [20–24] and Refs. [25, 26],
as long as the extended gauge field sector arises out from
an energy regime higher than the EW scale. The phys-
ical effects induced by integrating out the right handed
fields from the physical spectrum are analysed. The rel-
evant set of operators have been identified at low ener-
gies, 24 operators in total = 12 left ops. + 5 right ops.
(in (45)) + 7 left–right ops (in (46)). More low energy
effects from a higher energy gauge sector [37, 38, 58] could
unveil the underlying NP playing a role in our nature, and
likely will point towards a better understanding on the
origin of the electroweak symmetry breaking mechanism.
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